Objectives: Industrial cleaning processes are a major source of emissions of chlorinated organic solvents in Japan. Solvent emission mechanisms from metal cleaning processes were analysed to support process improvement aimed at emission reductions.
INTRODUCTION
A cleaning process is an essential step in the surface treatment of electronic components. Because cutting oils, grease, and particles on the surface of components can inhibit electroplating, thermal treatment, and film formation, they are removed with cleansing agents. Chlorinated organic solvents, such as dichloromethane (DCM) and trichloroethylene (TCE), are most widely used in Japan, accounting for 31% of the total shipments of cleansing agents in 2007 (METI, 2009 ). The total amount of chlorinated organic solvents emitted to the atmosphere from metal products and machinery manufacturing accounts for a significant proportion of the total atmospheric emissions in Japan; it accounted for 40% of DCM emissions and 79% of TCE emissions in fiscal year 2009 (Ministry of the Environment (MOE), 2011a). Long-term exposure to chlorinated organic solvents can cause disorders of the central nervous system and damage to the liver or kidneys in humans (WHO, 1984 (WHO, , 1985 (WHO, , 1996 . Volatile organic compounds (VOCs) emitted to the environment can be causative agents of photochemical ozone and can lead to air pollution (Jenkin and Hayman, 1999) .
The restriction has been established in Japan in order to reduce VOC emissions and control the occupational exposure in industry. Voluntary activities for emission reduction by companies using relevant chemical substances have been required, associated with the enforcement of the amended Air Pollution Control Act in Japan in 2006 (Ministry of Justice (MOJ), 2009). The standard concentration, which is applied to the management of the workplace during operation in accordance with the Ordinance on the Prevention of Organic Solvent Poisoning in Japan (MOJ, 2009 ), has been reduced from 100 to 50 p.p.m. for DCM in 2005 and from 25 to 10 p.p.m. for TCE in 2009. Several efforts have been made in Japanese cleaning sites in response to such restrictions. For example, aqueous detergents, which are less toxic and less volatile, have been used as alternative cleansing agents. Although the substitution of aqueous detergents can lead to remarkable VOC emission reductions, it may be difficult for some cleaning sites to use them because of their incompatibility with components to be cleaned. In addition, because the wastewater from cleaning processes using aqueous detergents contains contaminants, countervailing adverse effects on the aquatic environment may occur as a result of the substitution . Improving washing devices and the operation of cleaning processes using chlorinated organic solvents are other possible ways to reduce VOC emissions, which can be effective when processes are appropriately modified. Whereas closed-loop machines are mainly used for metal cleaning in Europe (Von Grote et al., 2003) , most cleaning processes in Japan are open systems. Although closed or semi-closed washing machines, which can significantly reduce solvent emission, have been developed and are available in the market, many cleaning sites have continued to use conventional open-top machines. This is partly because cleaning processes are operated to manufacture a wide variety of products in small quantities, often requiring technicians' manual operations to achieve precise control. Furthermore, the large-scale modifications of cleaning processes by installing closed or semi-closed machines cannot be easily implemented under restrictions on funds and space because most cleaning sites in Japan are small-and medium-sized enterprises that have severe restrictions on investible funds and available space.
If cleaning sites inevitably continue to use chlorinated organic solvents in open systems for such reasons, design options aimed at improving operation need to be proposed for VOC emission reductions. For example, the effective use of cooling pipes can lead to solvent emission reductions from a washing machine. Solvent diffusion to the workplace can be also controlled by using a local ventilation system. Solvent exhausted through a local ventilation system can be treated by installing a recovery or treatment unit (Japan Industrial Conference on Cleaning (JICC), 2008). Some cases of success have been reported where VOC emission was reduced by 50-80% as a result of operation improvement (MOE and JICC, 2008) . However, the selection of measures for VOC emission reductions currently depends on heuristics, with no quantitative evaluation of their effectiveness. This is partly because solvent emission mechanisms have not been sufficiently analysed. The internal physical phenomena of open-system cleaning processes are highly complex because various work tasks are conducted inside. Detailed process analyses are required to support practical process improvement.
The emission of organic solvents from industrial processes or laboratories has been the subject of many studies. Keen et al. (1996) investigated methods for monitoring occupational exposure to perchloroethylene. Measurements of solvent concentrations in air in the workplace were examined in a variety of industries (Bakke et al., 2007; Gold et al., 2008) , and occupational exposure levels in industry were assessed based on statistical data (Hein et al., 2010; Lynge et al., 2011) . A model to estimate solvent concentration was developed to assess health risks for laboratory work (Persoons et al., 2011) and in the vehicle repair industry (Demou et al., 2009) . Furthermore, methods for evaluating the impacts of solvent emissions in a comprehensive manner were developed. Methods for evaluating human health and the environmental risks from industrial processes using VOCs were proposed in several studies (Hellweg et al., 2005; Kikuchi and Hirao, 2008) . Kikuchi and Hirao (2009) discussed evaluation methods in process design, and their effectiveness was demonstrated in case studies of metal cleaning processes (Kikuchi and Hirao, 2010; Kikuchi et al., 2011) . Efforts to support the evaluation of human health and environmental risks of metal cleaning processes by a software tool have been made (MOE, 2011b) . Exposure variation among processes using different technologies was studied for offset printing (Svendsen and Rognes, 2000) and for bridge painting (Qian et al., 2010) to develop strategies for process modifications to reduce solvent emissions. It is further necessary to analyse solvent emissions from industrial cleaning processes to enable practical process improvement for emission reductions.
This study is aimed at clarifying solvent emission mechanisms from industrial cleaning processes. Solvent emissions and their concentrations from a cleaning process are monitored in experiments, and the physical phenomena in a process are analysed using the data obtained. The contributions of changes in process conditions to solvent emissions are quantitatively evaluated to identify major factors in emissions and the effectiveness of emission reduction measures. The application of analysis results to process design is further discussed to achieve solvent emission reductions.
METHODS
The amounts of solvent emissions and associated solvent concentration were measured for a cleaning process operated in a laboratory. The measurements were performed under several process conditions. The mass flow of solvents associated with the operation of the cleaning process was then expressed by mathematical equations to analyse emission mechanisms using the measured data.
Operation of laboratory and monitoring device Figure 1 shows the washing machine used in our experiments. An open-top washing machine, which is typically used in Japanese cleaning processes, was used, and its specifications are summarized in Table 1 . The machine was designed and produced for industrial use by the manufacturer of washing machines. TCE and DCM were used as cleansing agents. The process entails washing, rinsing, vapour washing, and drying in three tanks. The first washing tank is equipped with an ultrasonic device to promote dirt detachment. It is filled with solvent, and the temperature is kept at 30°C by a heater. The second rinsing tank is filled with solvent at normal temperature. Solvent in the bottom part of the third tank is heated to its boiling point, which is 40°C for DCM and 87°C for TCE, and the area above liquid solvent can be assumed to be saturated with vaporized solvent for vapour washing. A level meter was installed in each tank to measure the liquid volume of solvent. A basket filled with metal parts was manually suspended by an automatic carrier machine. Metal parts were washed and rinsed in the first and the second tanks. When rinsed metal parts at a relatively low temperature move into the vaporized solvent in the third tank, solvent vapour is condensed on their surface because of the temperature difference with the metal parts and removes dirt on the surface. Metal parts are then pulled out of vapour and dried in the upper area of the washing machine. Dried metal parts are manually taken off the carrier machine. The washing machine has cooling pipes and a local ventilation system in its upper part. Cooling pipes can recover vaporized solvents inside the washing machine, and a local ventilation system can exhaust emitted solvent to the outside. The exterior type and the enclosed type of local ventilation have been conventionally used in Japanese cleaning sites. The local Fig. 1 . Typical industrial washing machine in Japan using a chlorinated organic solvent (Kikuchi and Hirao, 2008) .
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À1
, which is the minimum airflow rate of this type of local ventilation required by the Ordinance on the Prevention of Organic Solvent Poisoning in Japan (MOJ, 2009) .
Solvent emissions from this cleaning process can occur in two ways. One is the direct release of vaporized solvent from the washing machine. Although cooling pipes can play a role in recovering vaporized solvent, some solvent can be released to the external environment through the local ventilation system or diffused to the workplace as shown in Fig. 2 . The other phenomenon is the transfer of solvent by the metal parts out of the washing machine. Solvent that cannot be dried within the drying time can be carried out by the metal parts, and this solvent can diffuse into the workplace.
The cleaning process in the laboratory was operated for 8 h from 9:00 to 17:00 every weekday. While cooling pipes and the local ventilation system continued working during the operation time, the heaters, ultrasonic device, and automatic carrier machine were stopped at 16:00. There is solvent vapour in the area above liquid solvent in each tank after stopping those devices, and solvent vapour could easily diffuse to the workplace if the cooling pipes and the local ventilation system were stopped simultaneously. The hour from 16:00 to 17:00 was spent on condensing or exhausting solvent vapour to avoid such sudden solvent diffusion. A device for monitoring the solvent concentration was set up at two points: inside the duct of the local ventilation system and in the workplace 1.0 m away from the front of the washing machine, 1.3 m from the floor. The workplace concentration was measured in a single position in order to monitor the concentration to which a worker engaged in process operation can be exposed, although the concentration distribution may exist within the workplace. The height of monitoring the workplace concentration was decided according to the Ordinance on the Prevention of Organic Solvent Poisoning in Japan (MOJ, 2009) . Measurement results at each point were regarded as the solvent concentration of exhausted air (C vent (t)) and of the workplace (C work (t)), respectively. A device for monitoring the VOC concentration developed by O.S.P. Inc., model VM-08 (O.S.P. Inc., 2010), which can automatically take air samples, was used. This device can measure the VOC concentration of sampled air at 1-min intervals using an interference-enhanced reflection method. VOCs in the sampled air are absorbed by a thin polymer film in a sensor, and the film swells according to the VOC concentration. The sensor is then irradiated with laser light, and a light detecting instrument measures variations in the optical refraction index of the swollen film. The device then outputs the VOC concentration of the sampled air estimated from the variations.
Data collection
Experiments were carried out for two purposes: measuring the amount of solvents emitted directly from the washing machine and measuring the amount of solvents taken out of the washing machine into the workplace by metal parts.
Direct solvent emissions from the washing machine. The liquid volume of solvent in each tank was measured to estimate the weight of liquid solvent in the washing machine. TCE was used as the cleansing agent, and its liquid volume was measured before starting up the washing machine at 9:00. The difference in the estimated amount between two successive operating days can be regarded as the solvent emissions during the 8-h operation time and the following night-time. Solvent spontaneously evaporates and can also diffuse at night. The solvent emission rate from spontaneous evaporation was estimated on the basis of data measured on a day when the process was not operated. The amount of solvent directly emitted from the washing machine during the 8 h of process operation was then estimated by subtracting the emissions from spontaneous evaporation for 16 h from 17:00 to 9:00 of the following day.
Five cases were developed in the measurement to analyse the contribution of work tasks to solvent emissions and the effectiveness of an emission reduction measure. Their process conditions are summarized in Table 2 . The washing machine was operated with cooling water at 15°C without metal parts and an ultrasonic device in the base case. The contribution of work tasks to emissions was investigated in Cases 1 and 2. Metal parts were cleaned in Case 1 to analyse the impact on solvent emissions of the movement of the parts inside the washing machine. An ultrasonic device, which is often used to promote dirt detachment, was operated in Case 2. The effectiveness of cooling pipes in controlling solvent emissions was investigated in Cases 3 and 4. Cooling water temperature is not adequately managed in many cleaning sites because the relationship between cooling water temperature and solvent emission has not been clarified quantitatively. As a result, it varies among cleaning sites, generally 5-30°C. The cooling water temperature was set at 15°C, which is near the average temperature of tap water (Tokyo Metropolitan Government, 2010) in the base case, and was set at 10 and 25°C in Cases 3 and 4, respectively. The measurement was conducted for 5 days for each case, and the average of the five sets of data was adopted in the analysis. Solvent taken out by metal parts. The amount of solvent taken out of the washing machine by the metal parts was measured under the conditions presented in Table 2 . The parts were weighed and then placed in the washing machine. As soon as the parts were dried and taken from the washing machine, their weight was measured again. The weight difference before and after cleaning was regarded as the amount of solvent attached on the surface of metal parts when taken out of the washing machine. The drying time was varied from 0, 30, 60 to 120 s to analyse the solvent drying rate. DCM was used as a cleansing agent in the measurement.
It is known to engineers operating cleaning processes that the amounts of solvent taken out by metal parts may vary according to the materials and the shape of metal parts. Seven metal parts, with the characteristics summarized in Table 3 , were used to analyse this phenomenon. StB30, BrB30, and AlB30 are balls of the same size and made of different materials: stainless steel, brass, and aluminium, respectively. These were selected to analyse the effects of materials on the solvent drying rate. The other four metal parts are all made of stainless steel and differ in shape. The solvent drying rate was compared among these four metal parts and StB30 to analyse the effects of shape.
The measurement was conducted five times for each drying time and metal part. The average of the five sets of data was adopted in the analysis.
Data analysis
Solvent emission mechanisms were analysed and described by mathematical equations based on the data obtained in the experiments. Parameter definitions and units in equations are summarized in Table 4 .
The mass flow of solvent emissions in Fig. 2 can be written as:
The solvent emitted directly from the washing machine (AE mach ) and the solvent taken out of the washing machine by the metal parts (AE indoor;part ) were dealt with separately in the analysis. Solvent emitted directly from the washing machine can be released to the external environment through the local ventilation system or diffused to the workplace. Solvent emissions through the local ventilation system are estimated from the measured solvent concentration of the exhausted air by:
This equation is based on the assumption that the time integration of the solvent concentration of exhausted air can be approximated by the sum of the product of the measured value of C vent (t) and the measurement interval (Dt 5 60 s).
Solvent diffused directly from the washing machine to the workplace during operation (AE indoor; mach ) can be calculated by subtracting the solvent emissions to a local ventilation system (AE vent ) given by equation (2) from the total direct emissions from the washing machine (AE mach ), which was taken from experiments measuring the liquid volume of solvent. To evaluate the contribution of each change in process conditions of Cases 1-4 from the base case, coefficients a, b, and c of the following equations were calculated. 
Coefficient a corresponds to the relative value of variations in the total amount of solvent directly emitted from the washing machine compared with the base case. Coefficient b refers to those in the solvent emitted directly from the washing machine through the local ventilation system, while c refers to those in the solvent diffused to the workplace.
When metal parts are moved from the rinsing tank at temperature T c to the third tank, solvent vapour at boiling point (T b ) can condense on their surfaces until metal parts are heated to T b . When condensation heat released from solvent is assumed to be equal to heat absorbed by metal parts, the amount of condensed solvent per unit area of metal parts during vapour washing is given by the following equation based on heat balance between solvent and metal parts (Bird et al., 2001) .
Because the condensed solvents that can neither drop off nor vaporize within the following drying time t d will be taken out by the metal parts, their mass balance can be expressed as:
Data obtained in experiments that measure the amount of solvent taken out by metal parts under varying drying time from 0, 30, 60, to 120 s were adopted as W out ðt d Þ. When n metal parts are dried for each cleaning, and cleaning is conducted N times a day, the total amount of solvent taken out by metal parts is given by:
The drying mechanism on the surface of the metal parts was analysed on the basis of the vaporization model shown in Fig. 3 . This model assumes that solvent on the surface of metal parts is vaporized because of heat diffused from the metal parts, and the vaporized solvent spreads into the zone adjacent to the surface of metal parts. Although the solvent concentration in the vaporized solvent zone can vary with time, the concentration distribution in the zone is neglected. Vaporized solvent is then diffused to the external air in the upper area of the washing machine. The solvent concentration in the external air (C ex ) was assumed to be negligibly small.
Variations in the solvent concentration of the vaporized solvent zone (C v (t)) are derived from solvent mass transfer from the surface of metal parts to the vaporized solvent zone and from the vaporized solvent zone to the external air (Bird et al., 2001) . The mass flow of solvent in this model from time t to t þ Dt d is given by:
The driving force of solvent mass transfer is a difference in solvent concentrations. Because metal parts after drying are approximately at the boiling temperature of the solvent, the solvent on their surfaces reaches the saturated vapour concentration at that temperature. Thus, the mass flow rate of solvent from the surface of the metal parts to the vaporized solvent zone and from the vaporized solvent zone to external air is, respectively, described by the following equations with mass-transfer coefficients.
The general time-dependent mass balance is given from equations (9)-(11) by:
The solvent concentration in the vaporized solvent zone is then described with the initial condition: Cðt d 50Þ50 as: 
The mass flow rate of solvent from the surface of the metal parts to the vaporized solvent zone is given from equations (11) and (13) by:
The average drying rate at 15, 45 and 90 s was calculated from measurements of W out ðt d Þ and was regarded as m vap � t d � at each time. Coefficients a, b, and c in equation (14) were then estimated by applying fitting curves to the calculated m vap � t d � based on the least-squares method. Equation (14) with estimated coefficients a, b, and c can be used to analyse the time dependency of the drying rate. The amount of solvent remaining on the surface of metal parts is then given by:
Equation (15) indicates that there is a time, t d;fin , when all solvents have vaporized from the surface of the metal parts.
If the drying time is set longer than t d;fin , the solvent taken out by the metal parts to the workplace can be zero. Figure 4 shows the solvent concentration profile in the workplace atmosphere (C work (t)) observed when processes were operated under the conditions of the base case. The average concentration of the 5 days and their standard deviation are presented herein. The workplace concentration ranged from 10 to 20 p.p.m. during operation time, when cooling pipes and a local ventilation system were being operated. After they were stopped at 17:00, the concentration rose sharply to 63 p.p.m. The concentration then began to decrease and reached to the steady state. This means that some solvent vapour still remained in the washing machine at 17:00 and diffused to the workplace. Such diffusion of solvent vapour stopped �2 h after stopping cooling pipes and a local ventilation system, and they were gradually exhausted out of the room. The decrease in the concentration when the washing machine was started up in the morning indicates that some solvent in the workplace can be exhausted through a local ventilation system. A similar tendency can be recognized in all cases, although the absolute values of concentration can vary. The results show the contribution of cooling pipes and a local ventilation system to avoiding solvent diffusion to the workplace during operation. Figure 5 shows the amount of solvent directly emitted from the washing machine through the two emission routes during the 8 h of process operation: through the local ventilation system (AE vent ) and through the workplace (AE indoor; mach ). The average data of the 5 days and their standard deviation are presented in each case. The results of Cases 1-4 are compared with those of the base case. Coefficients a, b, and c in equations (3)- (5) are calculated, and the results are shown in Table 5 . The average concentration of solvent in the workplace during operation is also presented in Fig. 5 , which are coherent with the amount of solvent diffused to the workplace. Figure 5a compares the base case and Case 1. The results and the calculated coefficient a indicate that direct solvent emissions from a washing machine increase by a factor of 1.4 when metal parts are input to the process. Although emissions through both routes increase, the increase in emissions through the local ventilation system is larger than that through the workplace. While metal parts are moved from tank to tank inside the washing machine by an automatic carrier machine, solvent on the surface of the metal parts can evaporate and be emitted from the washing machine. The results show that solvent emitted in this way can be exhausted to the local ventilation system rather than be diffused to the workplace because of the gradual evaporation of solvent. Some solvent that was not captured by the local ventilation system resulted in an increase in the workplace concentration by 9 p.p.m.
RESULTS

Solvent emissions from the washing machine
Solvent emissions to the workplace can be doubled by the operation of an ultrasonic device, as can be seen from Fig. 5b and the calculated coefficient c. As a result, the solvent concentration in the workplace increased from 15 p.p.m. in the base case to 37 p.p.m. in Case 2. The solvent temperature in the first washing tank was increased to 45°C, as it was heated by the shock waves created by the ultrasonic cleaning. This temperature rise promotes evaporation of the solvent. The results indicate that the increased solvent emissions were so great that the local ventilation system could not capture them all. As a result, most of the solvent was diffused to the workplace. Figure 5c compares the base case, Case 3, and Case 4. The results indicate the effectiveness of cooling water circulating in cooling pipes in controlling solvent emissions. Although emissions through the local ventilation system vary slightly among the three cases, major changes are observed in solvent diffusion to the workplace. Lower cooling water temperatures allow more solvent to be condensed and recovered in the upper area of the washing machine, leading to reduced solvent diffusion to the workplace. In addition, slight changes in emissions through the local ventilation system mean that the lower cooling temperature can lead to reductions in solvent diffusion to the workplace without increasing emissions through the local ventilation system.
Solvent taken out by metal parts
The amount of solvent condensed during vapour washing per unit of surface area of metal parts, W condense , can be calculated by equation (6). Calculated values of W condense for the seven metal parts used in the experiments are shown in Table 6 . Some of the condensed solvent can drop off during vapour washing (W drop ), and the rest can be vaporized during the drying time (W vaporize (t d )) or taken out by the metal parts after drying (W out (t d )), as shown in equation (7) Figure 6 shows the solvent drying rate from the surface of the metal parts to be cleaned. The points in Fig. 6 show an average drying rate calculated from the five sets of measurement data of the amount of solvent taken out by the metal parts. Fitting curves in the form of equation (14) were applied to the Table 6 . Parameters of the solvent emission function in equations (12) and (14)
Percentage of drying rate by the least-squares method, and they are also presented in Fig. 6 . Coefficients a, b, and c in equation (14) are estimated from the fitting curves, and they are shown in Table 6 with the other coefficients in equation (14). The coefficient of determination (R 2 ) ranged from 0.67 to 0.93. Figure 6a shows the drying rates of StB30, BrB30, and AlB30, which are balls 30 mm in diameter made of the materials mentioned. The drying rate decreases in descending order of heat capacity of the metal parts (C p ), which is 57 J K À1 for StB30, 44 J K À1 for BrB30, and 36 J K À1 for AlB30. The driving force for solvent evaporation is the difference in solvent concentrations between the saturated vapour on the surface of the metal parts and the vaporized solvent zone as described in equation (11). The solvent concentration of saturated vapour on the surface of the metal parts depends on their temperature. Metal parts of small heat capacity cool more quickly and the solvent concentration on their surfaces decreases accordingly. As a result, the difference in concentration between the surface and the vaporized solvent zone for metal parts of smaller heat capacity decreases more rapidly, and thus the drying rate is slower because of the smaller concentration difference.
Solvent drying rates from the surface of the five metal parts made of stainless steel are presented in Fig. 6b . The results indicate a correlation of the drying rate with the specific surface area of the metal parts (e), which ranges from 200 m À1 of StB30 to 2114 m À1 of StP27. The specific surface area is defined as the quotient of surface area and the volume. Because metal parts of complex shape have larger specific surfaces, it can be regarded as an index of shape complexity. The results show that the drying rate increases as the specific surface area decreases. This means that the shape complexity of the metal parts is an important factor in the solvent drying rate. The minimum drying time required to dry all the solvent on the surface of the metal parts (t d;fin ) was estimated for the seven metal parts, and the results are presented in Table 6 . t d;fin ranged from 51 s for StP27 to 234 s for BrB30.
DISCUSSION AND CONCLUSIONS
Several work tasks that can be factors in solvent emissions were analysed, and the mechanisms through which these factors affect emissions were clarified in this study. The results show that the movement of metal parts inside a washing machine and the operation of an ultrasonic device contribute to emissions differently, although both of them can result in increased solvent emissions. While the movement of metal parts mainly increases solvent emissions through the local ventilation system, the operation of an ultrasonic device remarkably increases solvent diffusion to the workplace. In the drying of metal parts, the amount of solvent taken out of a washing machine by metal parts is influenced by the solvent drying rate on their surfaces. A model describing the drying phenomenon was developed, and measurement data from the experiments were analysed based on the model. The results show a relationship between the amount of solvent taken out by metal parts and the characteristics of metal parts: materials and the shape. 12 of 14 E. Kikuchi, Y. Kikuchi and M. Hirao Measures for solvent emission reduction should be developed according to the emission factors. The findings in this study can also be used to support practical process improvement for emission reductions. Although the local ventilation system plays a role in controlling solvent diffusion into the workplace, the ventilation system's effectiveness depends on major emission factors. Our analysis shows that a local ventilation system can be effective in capturing increased solvent emissions caused by the movement of metal parts. The minimum airflow rate required by the ordinance can be standards to operate a local ventilation system appropriately. However, increased solvents emitted through a local ventilation system can cause another impact on the environment. The treatment of the increased solvents emitted to the environment through the local ventilation system should be considered to avoid such contribution of solvents to air pollution. Installing an additional recovery or treatment unit for the exhausted gas may be appropriate. The results also show that a local ventilation system may not be sufficient when an ultrasonic device is operated. Lowering the cooling water temperature may be a solution in this case, as it can lead to reductions in solvent diffusion into the workplace without affecting the emissions through the local ventilation system. Drying time should also be considered as an important parameter to control the amount of solvent taken out by the metal parts, as the time required to dry all the solvent on the surface of the metal parts varies according to the characteristics of the metal parts. t d;fin , the minimum drying time for drying all solvent obtained from the analysis, can be the standard to determine appropriate drying times.
It must be noted, however, that there are other process conditions that should also be taken into account in the analysis of solvent emission mechanisms. Whereas TCE was used in the experiment to measure direct solvent emissions from a washing machine, DCM was used for the experiment to measure solvent taken out by metal parts. These solvents were selected to facilitate precise measurements in consideration of the characteristics of each experiment. Because the sensitivity of a sensor in the device for monitoring the VOC concentration to TCE is much higher than that to DCM, TCE was selected as solvent used in the experiment to measure direct solvent emissions from a washing machine. On the other hand, the precise measurements of the weight are difficult for metal parts cleaned with TCE. The surface temperature of metal parts after drying is relatively high, 70-80°C, and air can be heated by metal parts. As a result, air convection can happen on the surfaces of metal parts and prevent the accurate measurements of the weight. This phenomenon was not recognized when using DCM, because the surface temperature of metal parts cleaned by DCM was 25-30°C, which was not so different from air temperature. The vapour pressure determines the volatility of solvents and thus is one of the physical properties that may have a major influence on emission. Solvent emission from the third tank, where solvent is heated to its boiling point, may account for a considerable fraction of the total emission directly from a washing machine. In addition, solvents taken out by metal parts are at a high temperature near the boiling point because metal parts go through the third tank. Although DCM has larger vapour pressure than TCE at normal temperature, their vapour pressure at the boiling point is same at atmospheric pressure. Impacts of the difference in volatility need to be analysed in consideration of the temperature at which solvents are dealt with in a process.
In addition, the solvent vaporization model developed in this study can have limited application. It is assumed in the solvent vaporization model that solvent can transfer only due to a difference in solvent concentrations adjacent to the surface of metal parts. This assumption can be valid when metal parts exist in the windless air. Because there can be airflow inside a washing machine, solvent vaporization and diffusion can be accelerated. Therefore, the actual value of t d;fin can be shorter than the values estimated based on the model. It is also assumed that metal parts exist in the external air where the solvent concentration is negligibly small. The solvent concentration of the external air adjacent to metal parts may be affected by the arrangement of metal parts in a basket.
This study clarified the factors contributing to solvent emissions from cleaning processes by analysing process data obtained from experiments. The effectiveness of process modifications for emission reductions was also quantitatively evaluated. Although Japanese cleaning sites have been struggling to reduce emissions of chlorinated organic solvents used in their processes, they have had difficulties in finding appropriate measures because of their lack of knowledge of emission mechanisms. The detailed analyses of cleaning processes in this study are based on the experiments that were conducted under conditions very similar to industrial processes, and thus, the findings can be readily applied to practical process improvement in cleaning sites.
